In seeking to understand the beneficial effects of controlled atmosphere (CA) storage at 20 ºC on asparagus (Asparagus officinalis L.), biochemical responses of spear tips stored in air were compared with those of spears stored under CA (2% 0 2 , 10% CO 2 ). CA storage prevented the rapid loss of sucrose, increased acid invertase activity and asparagine accumulation observed in the tips of spears stored in air. CA storage also delayed changes in the levels of glutamine, malic, citric and fumaric acids, compared with those in tips of air-stored spears. Elongation observed in water-fed spears in air was reduced by CA. It is proposed that CA acted by depressing metabolism to such an extent that sucrose levels were maintained in the spear tip and this, in turn, prevented the cascade of metabolic events that contribute to spear deterioration in air.
INTRODUCTION
Controlled atmosphere (CA; low oxygen and/or high carbon dioxide concentration) storage is used to prolong the storage and shelf-life of certain kinds of vegetables (Isenberg 1979; Wang 1990) . Usually, CA storage is applied with refrigeration. Previous asparagus research in New Zealand showed only minor retention of quality attributes after CA storage at cool temperatures (King et al. 1986 ). Other studies, though, have found some significant benefits (Lipton 1990; Baxter and Waters 1991) . While the benefits of refrigerated CA for asparagus appear to be variable, we have demonstrated significantly longer residual shelf-life and significantly better sensory quality for asparagus in CA storage at 20 ºC than in air at 20 ºC (Lill and Corrigan 1996) .
The biochemistry and physiology underlying the beneficial effects of CA storage are not understood (Kader 1986; Solomos 1994) , although an increasing amount of recent work has addressed this issue (Kanellis et al. 1991; Nanos et al. 1994; Kato-Noguchi and Watada 1996) . It is well documented that CA storage reduces the respiration rate of commodities and asparagus is no exception. In 3% 0 2 and at 20 ºC, C0 2 production by asparagus is 45-60% of that in air (Platenius 1943; Robinson et al. 1975 ). However, it may be naive to assume that a reduced respiration rate per se is responsible for prolonging storage life. Rather, Solomos (1994) argues that the decline in respiration is a response to metabolic depression (induced by the CA), which reduces the demand for energy, and hence respiration.
In this paper we describe an experiment designed to begin to understand the response of asparagus to CA at 20 ºC. Normal asparagus postharvest physiology at this temperature is characterized by rapid changes in the composition of the spear tips that include loss of sugars, accumulation of asparagine and a distinctive early loss followed by a later accumulation of glutamine (Hurst and Clark 1993; Irving and Hurst 1993) . Spears also elongate after harvest when fed water or stored under moist conditions (Lipton 1990 ). Here, we describe the effects of 20 ºC CA (2% O 2 , 10% CO 2 , balance N 2 ) storage on these aspects of asparagus postharvest physiology as well as the effects on spear tip acid invertase (EC 3.2.1.26) activity and organic acid composition.
MATERIALS AND METHODS

Plant Material and Storage
Commercial length (18-20 cm) asparagus (Asparagus officinalis L. cv Limbras 10) spears were hand-harvested at 0730 h from field plantings at the Levin Research Centre, New Zealand in mid November. Spears were washed, trimmed to 18 cm, graded and randomly grouped into 3 replicates (48 spears/replicate). Only straight undamaged spears with tightly closed bracts and with no obvious symptoms of disease were used. Within 1 h of harvest, spears were placed in their allotted storage regime. Spears were stored upright in beakers, with or without water, at 20 ± 1ºC and 50-60% relative humidity for up to 3 days in a 12 h light (20 µmol m -1 s -1 at bench level)/12 h dark cycle. For the CA treatments, the beakers were placed inside two 4 L clear, plastic containers fitted with a lid and inlet and outlet tubes. In one container, the beakers contained water so that the butt ends of the spears were covered by 20-30 mm; in the other container, water was withheld. The two containers were connected in parallel to a cylinder of certified gas mixture (BOC Gases (NZ) Ltd, Wellington, New Zealand) containing 1.99 ± 0.04% oxygen and 9.8 ± 0.2% carbon dioxide made up to 100% with nitrogen. The containers were flushed (1-2 L/min) for 15 min with the gas mixture to establish the atmosphere before adding the spears. Thereafter, the gas flow was maintained at 200 mL/min. For the control (air) treatments, spears were placed in beakers on the bench. At time zero and subsequent 24 h intervals, 3 spears per replicate were removed from each treatment, their length measured, and their 3 cm apical tips excised and pooled. Tips were frozen in liquid nitrogen, freeze-dried, ground, and stored desiccated at -20 ºC until used for biochemical analyses.
Biochemical Analyses
Sugars and amino acids were extracted from 10 mg samples of dried asparagus powders with 1 mL aliquots of 62.5% (v/v) methanol at 55 ºC for 15 min (Haslemore and Roughan 1976) . Sucrose, glucose and fructose concentrations in the supernatants were estimated enzymatically with Boehringer Mannheim Sucrose/D-Glucose/D-Fructose kits (Cat. No. 716260) . Asparagine and glutamine were quantified by high performance liquid chromatography (HPLC) of their ophthaldialdehyde derivatives ).
Organic acids were extracted from 10 mg samples of asparagus powders with 1 mL aliquots of 6% (w/v) perchloric acid at room temperature for 15 min. A 500 µL aliquot of supernatant was neutralized with 100 µL of 5 M KOH. After 5 min on ice, the KCl0 4 , precipitate was removed by centrifugation. Organic acids in 20 µL of supernatant were separated by HPLC on a Rezex® ROA-Organic Acid column (300 x 7.8 mm; Phenomenex, Torrance, California) run at 65 ºC and eluted with 2.15 mM H 2 SO 4 . Organic acids were detected at 210 nm and quantified with external standards (20 µL) dissolved in the eluent.
Soluble acid invertase was extracted from 10 mg samples of asparagus powder with 1 mL of ice-cold extraction buffer (20 mM Hepes-NaOH (pH 7.4) containing 1 mM EDTA) for 15 min with vortexing every 5 min. The supernatant was assayed for acid invertase. The pellet was washed twice with 1 mL of cold extraction buffer, and the supernatants discarded. Bound acid invertase was released by resuspending the pellet in 1 mL of extraction buffer containing 1 M NaCI and leaving overnight at 4 ºC. The supernatant was assayed for acid invertase.
Soluble and bound acid invertase activities in their respective supernatants were assayed at 30 ºC for 30 min in a 1.05 mL mixture containing 1 mL of 50 mM sucrose-50 mM sodium acetate (pH 5.0) and 50 µL of supernatant. Blanks contained boiled enzyme. Reactions were stopped by heating tubes in a boiling water bath for 5 min. The glucose produced was measured enzymatically with glucose oxidase (Irving and Hurst 1993) . Enzyme activities are expressed as units/g dry weight (U/g DW), where 1 unit is the production of 1 µmol of glucose/min. Spear length data are presented as mean ± standard error of mean (SEM, n = 9). Biochemical data are presented as mean ± SEM of 3 replicates with values for each replicate being obtained from 3 pooled spear tips.
RESULTS AND DISCUSSION
Postharvest spear elongation was reduced in water-fed spears kept in CA, and largely eliminated in spears kept dry in either CA or air (Fig. 1) . Similarly. Waldron and Selvendren (1990) reported inhibited spear elongation to modified atmosphere (2% O 2 , 5% CO 2 ) packs of asparagus. Whilst the need for water in cell expansion and growth readily explains the lack of spear elongation in its absence, the inhibition of elongation in water-fed CA-treated spears supports the view that CA depresses metabolism -and thus growth.
Postharvest changes in spear tip sugar and organic acid biochemistry were drastically affected by CA (Table 1 ). The sharp decline in sucrose concentration in air was arrested in the CA-dry treatment and much reduced in water-fed CA-treated spears. The less marked decline in glucose concentrations in air was delayed by about 1 day in CA. On the other hand, fructose concentrations fell somewhat erratically in both air and CA (Table  1) and were typical of our earlier findings (Irving and Hurst 1993) . Malic acid accumulation seen in spear tips of air-stored spears (Hurst et al. 1994) was delayed and diminished in CA. In air, citric acid concentrations initially rose by about 50% before falling to about 30% above harvest levels after 3 days. This pattern was abolished in CA; citric acid levels rose slowly in CA to reach the levels after 3 days. In air, spear tip fumaric acid levels fell after 1 day of storage before recovering to harvest levels on day 3. In CA, fumaric acid levels fell more slowly and did not reach the minimum levels seen in air-stored spears. We did not detect any increase in succinic acid and hence our results do not support the observation, in apples, pears and lettuce, that elevated CO 2 inhibits succinate dehydrogenase (Kader 1986 ). Neither ethanolic odors nor lactic acid were detected in CA indicating that the atmosphere did not induce anaerobiosis. Retention of sugars and acids in commodities stored under refrigerated CA during lengthy storage is well known (Kader 1986) , and has been reported in whole asparagus spears stored for 28 days at 2 ºC (Baxter and Waters 1991) .
Asparagine accumulation in spear tips is a feature of asparagus postharvest physiology (Hurst and Clark 1993) . Storage under CA, whether in or out of water, largely prevented this accumulation ( Fig. 2A) . Similarly, the pattern of change in spear tip glutamine levels was also affected by CA. In airstored spears kept dry, glutamine levels fell initially before rising after 2-3 days; this rise was delayed by 1 day in air-stored water-fed spears (Fig. 2B) . Under CA, glutamine levels still fell but their later rise was prevented.
Spear tip soluble acid invertase activity increased after 1 day of storage in air (Fig. 3A) before approaching harvest levels on day 3. The decline was more rapid in spears kept dry than in water-fed spears. CA completely abolished this rise whether the spears were kept dry or in water. Likewise, bound acid invertase activity increased in the tips of air-stored spears but remained constant in CA stored spears (Fig. 3B ).
High acid invertase activity is often associated with rapidly growing and expanding tissues (Morris and Arthur 1984) . Thus, the normal increase in acid invertase in air may be involved in postharvest spear elongation. However, it is interesting to note that when this elongation was prevented by withholding water, the increases in both soluble and bound acid invertase activities still occurred. Furthermore, elongation, albeit reduced, was still possible in CA despite there being no increase in acid invertase activity.
Increases in soluble and bound forms of acid invertase also occur in ageing or wounded storage tissues (Vaughan and MacDonald 1967; Milling et al. 1993) , in infection (Krishnan and Pueppke 1988) , and during leaf senescence (Pollock and Lloyd 1978) . Studies with protein synthesis inhibitors indicate that the increase results from de novo synthesis (Vaughan and MacDonald 1967; Milling et al. 1993) . Immersing the bases of air-stored spears in 0.5 mM cycloheximide inhibited the rise in both soluble and bound invertase activities (data not shown), indicating that the postharvest increase in asparagus acid invertase activities also results from de novo synthesis. Sturm and Chrispeels (1990) have suggested that increases in acid invertase activity result from an increased demand for hexoses in tissues under stress. When the demand for hexoses (and hence sucrose hydrolysis) was reduced by storing asparagus spears under CA, acid invertase activities did not increase.
We have argued that postharvest asparagine accumulation in asparagus spear tips is a consequence of carbohydrate starvation (Hurst and Clark 1993; Irving and Hurst 1993) . Proteolysis and concomitant detoxification of ammonium into asparagine occurs as soluble carbohydrate concentrations fall. Here, we show clearly that this metabolic cascade can be prevented if sucrose hydrolysis is arrested. Collectively, our data point to sucrose hydrolysis being a critical event in the postharvest life of asparagus.
Two consistent observations appear in our data. Firstly, spears stored in air and kept in water show the same changes in metabolite concentrations as spears stored in air and kept dry except that in water-fed spears the changes are delayed by about 1 day. This is consistent with our frequent observation that spears kept in a moist environment (e.g. in perforated plastic bags) have about I day of extra shelf-life compared with spears kept uncovered. Secondly, CA storage severely disrupts the biochemical changes seen in air storage by either preventing the change or by delaying it.
In summary, we have demonstrated that CA storage rapidly changes the postharvest metabolism of highly metabolically-active plant tissue. The work reported in this paper with a single CA supports the currently held view that CA acts by depressing metabolism overall rather than by merely reducing respiration. Work is progressing to establish whether our findings are common to other oxygen/carbon dioxide mixtures. Bars are SEMs and where absent are contained within the symbols. , air kept dry; , air kept in water; , CA kept dry; , CA kept in water.
